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Abstract 

We compute and also compare the contributions of canonical and noncanoni- 
cal mass terms towards baryon asymmetry by considering type-II seesaw mass 
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\ models of neutrinos: Degenerate(3 varieties) , Normal hierarchical and Inverted 

hierarchical(2 varieties) . We have shown that for particular choices of param- 
04 | eter '7'( the so-called discriminator) for different neutrino mass models, the 

baryon asymmetry is largely dominated by canonical term. Within such type-II 
seesaw scenario, we find normal hierarchical (NHT3) mass model as the most 
favourable choice of nature. 

Keywords: seesaw neutrino mass, Yukawa coupling, lepton and baryon asym- 
metry 
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1 Introduction 

The search for a suitable mass model consistent with the observations: masses, 
mixings and baryon asymmetry, is a standing agenda of present day neutrino 
physics. With this motivation different neutrino mass models[l,2] were con- 
structed on the basis of celebrated seesaw mechanism [3]. All the models were 
checked for masses, mixings and stability under radiative corrections. In the 
electroweak baryogenesis scenario [4, 5], the heavy right-handed Majorana neu- 
trinos play a decesive role. In this model of baryogenesis, lepton asymmetry 
is produced by the decay of lightest of heavy Majorana neutrinos, and non- 
perturbative sphaleron[6] processes convert this lepton asymmetry to baryon 
asymmetry. Again the heavy Majorana neutrinos are coupled to light left 
handed neutrinos via seesaw mechanism. In that sense any mass model con- 
structed on the basis of seesaw mechanism should have the capacity to explain 
the observed baryon asymmetry. Sakharov's three conditions [7] for baryoge- 
nesis: (1) baryon number violation, (2) C and CP violation and (3) out of 
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equilibrium decay can be realised by the decay of heavy right handed Majorana 
neutrinos. Recently a non-thermal scenario of baryogenesis for these models 
was considered [8], where our estimation [9] of baryon asymmetry for different 
mass models within the thermal leptogenesis scenario was extensively consid- 
ered. One point missed in ref.(9) is that all the calculations to estimate the 
baryon asymmetry were confined to type-I seesaw term only, the contributions 
of non-canonical term were not considered. For completeness we compute the 
contribution of type-II term also. 

We address in this paper, the estimation of baryon asymmetry of the universe 
using the parameters which are already fixed at the seesaw stage within a com- 
mon framework. This may possibly discriminate the correct pattern of neutrino 
mass model in question. 

In section 2 we review the discrimination of neutrino mass models in type-II 
seesaw framework. In section 3, with a brief discussion on the expressions for 
lepton and baryon asymmetry, we present our numerical calculations and re- 
sults. Section 4 concludes with a summary and discussion. The zeroth-order 
mass matrices for various models are collected in Appendix-A. Important ex- 
pressions related to m LL and M RR for three neutrino mass models are relegated 
to Appendix-B. 

2 Type-II seesaw mechanism and discrimina- 
tion of neutrino mass models 

The type-I seesaw formula relates the light left-handed Majorana neutrino mass 
matrix m LL and heavy right handed Majorana mass matrix M RR in a simple 
way: 

™ll = - m LRM^ml R . (1) 

Here, wilr is the Dirac neutrino mass matrix. In some L-R symmetric theories 
such as SO(10) GUT, the left-handed Higgs triplet A L acquires vacuum expec- 
tation value. Taking this contribution, seesaw formula can be modified as [10]: 
mii = m LL + to£^ where, the first term is the usual canonical seesaw term 
(1) and the second term can be expressed as = j(Mw /v R ) 2 M RR . Such 

non-canonical seesaw formula (generally known as type-II seesaw formula) can 
be written as: 

m LL = -m LR M RR m T LR + j(M w /v R f M RR . (2) 

In the light of above type-II seesaw formula, the neutrino mass matrices will 
are realised for three different situations: (1) >> m LL , (2) mjJ L ~ m£ L 

and (3) << m LL . It has been reported that the inequality (1) can natu- 
rally provide a connection [11] between the large atmospheric mixing and b — t 
unification in the context of the minimal supcrsymmetric SO(10) thcory[12]. 
But we are interested to study the relative strength of these two contributions 
in all three cases. The second term denoted by m£^ is heavily constrained by 
the definition of v R , and v R can be extracted from M RR appeared in m LL , 
thus indicating the dependence of m^ L on m LL . This point is addressed in the 
present work. 



2 



The solar and atmospheric neutrino oscillation experiments usually measure 
only the mass-square differences and in general we have three possible patterns 
of neutrino masses[13]: (a) Degenerate mi ~ m 2 ~ m 3 , (b) Inverted hierarchical 
mi ~ m 2 » ni3 and (c) Normal hierarchical mi << m 2 << TO3. Depend- 
ing upon the relative CP-phase of (mi, m 2 ) pair, the degenerate and inverted 
hierarchical models are further classified as: degenerate type-IA (DegTIA), 
degenerate type-IB (DcgTIB), degenerate type-IC (DegTIC), inverted hier- 
archical Type-2A (InvT2A) and inverted hierarchical Type-2B (InvT2B), and 
these zeroth-order left-handed Majorana mass matrices[2,13] are collected in 
Appendix A for ready reference. The present forms[l,2] of various mass models 
given in Appendix B, are derived from seesaw mechanism(l). 
The vacuum expectation values vl and vr of left and right-handed Higgs triplets 
are connected[14] to W-boson mass via vlVr = iMyy where the free parameter 
7 depends on various couplings. Without fine tuning, we generally have 7 ~ 1, 
but we are searching the input values of 7 where the contribution of second 
term arising from the presence of left-handed Higgs triplets is just sufficient to 
restore the good predictions of m£ L already acquired [2] in type-I seesaw frame- 
work. If the second term is dominant, the relevant good predictions of m I LL are 
spoiled. This can be avoided with the proper choice of 7 values. We call this 
7 parameter as 'discriminator' of the models. A neutrino mass model is said 
to be favourable and hence stable when its canonical term dominates over the 
non-canonical(perturbative) term, and this condition is used here as a criterion 
for discriminating neutrino mass models [2]. 

The Dirac neutrino mass matrix rriLR appeared in seesaw formula can have 
any arbitrary structure which cither is diagonal or non-diagonal, and it plays 
a significant role[l] in the construction of m I LL . In the seesaw mechanism, 
for a specific structure of m£ L , we can have three possible combinations of 
itilr and Mrr: (a) both tulr and Mrr are non-diagonal, (b) tulr diago- 
nal and Mrr non-diagonal, (c) tulr non-diagonal and Mrr diagonal. These 
three combinations can be realised in different physical situations. For exam- 
ple, when one calculate lepton asymmetry, one needs to consider the diagonal 
basis of heavy right-handed neutrinos, and combination (c) becomes relevant. 
In the present calculations, the diagonal form of tola is chosen for different 
neutrino mass matrices. To see this let us consider [2] the seesaw relation 
m£ L = —mLRM^rn^n, where both tulr and Mr are non-diagonal. Using 
some left and right handed rotations, the Dirac neutrino mass matrix can be 
diagonalised[15] as = UlTUlrU^. In terms of diagonal basis of tulr, the 

seesaw relation reduces to 

<l = -Ulm^M-j.mf^Ut, (3) 

where, M RR = UrM^U^. It is assumed that eigenvalues of m^ 9 are hierar- 
chical (similar to quarks or charged leptons). In absence of Dirac left handed 
rotations [15], we can set Ul ~ 1- For slight deviation from unity we can assume 
Ul — Uckm, where Uckm is the quark mixing matrix. Again this can be set 
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to unity as quarks mixings are very small. This type of approximations do not 
produce significant change in numerical calculations. For Ul ~ 1 the eq.(3) 
reduces to to ll = — ^LR^^RR m LR where ^Irr is in the diagonal basis of 
TnLR- We follow this representation in the present calculation. 
In some Grand Unified Theory such as 50(10) GUT , the possible structure[16] 
of rriLR — diag(X m , A™, l)v , where v is the overall scale factor representing elec- 
troweak vacuum expectation values. In the present calculation we take A = 0.3 
and v = ITAGeV. We consider two choices of (to, n) pair: case(i) (to, n) = (6, 2) 
for charged lepton and (ii) (to, n) = (8, 4) for up-quark mass matrices represent- 
ing the Dirac neutrino mass matrix. 

As a representative example, we consider normal hierarchical mass model 
and the corresponding heavy right-handed neutrino mass matrix and light left- 
handed neutrino mass matrices are[l,2] collected from Appendix B: 

Normal Hierarchical Type3(NHT3): 



M 



RR 



\2m-l 
yyn+n— 1 
A m-1 



vm+n— 1 yrn—1 
ym-\-n — 2 q 

o 1 



vo, 



(4) 




m I LL = A 1 - A -1 I toq, (5) 



where we take the input values A = 0.3, to = 0.03eU and v = 1.01 x 10 15 GeU. 

The numerical calculations are carried out for two choices of diagonal struc- 
ture of Dirac neutrino mass matrix: case(i) Dirac neutrino mass matrix taken 
as charged lepton mass matrix and case(ii) Dirac neutrino mass matrix taken 
as up-quark mass matrix. Within the type-I seesaw framework, the left-handed 
neutrino mass matrix to£ l leads to correct neutrino mass parameters and mix- 
ing angles consistent with recent data[l,2]: 

Amli = 9.04 x 10~ 5 eV 2 , Ato^ = 3.01 x 10- 3 eV 2 
tan 2 0i2 = 0.55, sin 2 26*23 = 0.98, sin 6 13 = 0.074. 

In type-II seesaw scenario, one has to take care of the non-canonical term to^. 
In order to maintain the existing good predictions of m I LL , one has to use the 
freedom in choosing 7. We make a search programme[2] for finding the value 
of the 'minimum departure' of 7 from the canonical value of one , i.e., 7 < 1.0, 
in which the good prediction of neutrino masses and mixing parameters can 
again be restored in Toll- In other words, such 'least value' of 7 is just enough 
to suppress the perturbative effect due to type-II seesaw formula. The value 
of 7 = 0.007 is extracted for NHT3 mass model. The values of 7 in case(i) 
and case(ii) for other neutrino mass models given in Appendix B, are presented 
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in Tables 2-3, along with the corresponding predictions of neutrino oscillation 
parameters. Higher the values of 7, more the stability of the neutrino mass 
model in question. Following the results of calculation in Tables 1-3. it has 
been observed that InvT2A model with 7 — 0.1 gives most favourable choice 
of nature, followed by NHT3 and InvT2B with 7 ~ 1CT 2 . However, InvT2A 
model appears to be unstable under radiative corrections in MSSM. Now we are 
left with NHT3 and InvT2B as favourable candidates which are generally stable 
under radiative corrections in MSSM. 

For further discrimination of the neutrino mass models, particularly between 
NHT3 and InvT2B, we now consider baryon asymmetry estimation within the 
type-II seesaw formalism as an extra criteria and this will be carried out in the 
following section as the main thrust of the present invistigation. 



3 Type-II seesaw mechanism and the estimation 
of baryon asymmetry 

For our calculation of lepton asymmetry we consider the model [5] where the 
asymmetric decay of the lightest of the heavy right-handed Majorana neutrinos, 
is assumed. In this model the physical Majorana neutrino Nr can decay into 
two modes: 

N R -> l L + ~4> 

where I l is the lepton and I l is the antilepton. For CP-violating decay through 
the one-loop radiative correction by Higgs particle, the branching ratio for these 
two decay modes is likely to be different. The CP-asymmetry which is caused by 
the intereference of tree level with one-loop corrections for the decays of lightest 
of heavy right-handed Majorana neutrino N± is defined as[5,17] 

r+r 

where, T = T(Ni — > Il<P) and T = T(Ni — > l^cf)) are the decay rates. Considering 
hierarchical structure of heavy Majorana neutrinos a perturbative calculation 
from the interference between tree level and vertex plus self-energy diagrams, 
gives [18] the lepton asymmetry e 1 in terms of light neutrino mass matrix m LL 
as : 

j 3Mj fm[(fe*m£ £ fet) 11 ] 

167r V 2 (hht) u ' W 

This accounts for the type-I contribution. Again due to the presence of Higgs 
triplet as a virtual particle in the decay of iVi , we have the additional contribu- 
tion [18] (type-II contribution) to lepton asymmetry e 11 as: 

„ 3Mi Jmp*m|ifot) n ] 

16™ 2 (hht)n ■ 1 ' 
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For quasi-degenerate spectrum i.e., for M± ~ Mi < M3 the asymmetry is largely 
affected by a resonance factor [19,20] R = \M 1 \/2(\M 2 \ - |Mi|). In such situa- 
tion , the lepton asymmetry is modified [19,20] to: 



M 2 Im[(h*m LL rf) n ] 

— H (8) 



8tTV 2 (hh^i 



The total asymmetry e\ is the sum of e 1 and e 11 . 

The sphaleron process convert[4,21] this lepton asymmetry to baryon asym- 
metry. The baryon asymmetry Y§ M is expressed in terms of the dilution factor 
K\ and lepton asymmetry ei as [22] 



Y § M = ffi SM ~ -1.08 x 10-Vei. (9) 

For our calculation of baryon asymmetry we use the above expression. 

How much the produced asymmetry is washed out is described by Boltzmann 
Equation and the solution can be described by a parameter m known as dilution 
factor [14,23]: 



ifo<^<io 

Where K = rfii/m* with rh\ = ^ hh j^ llV is the effective neutrino mass , v the 

electroweak scale, Mi the mass of Ni , h the matrix for the neutrino Yukawa 

5 _i 2 

couplings. And m* — gl -p— ~ 1.08 x 10 _3 ey is known as equilibrium neu- 
trino mass[24] with g* = 106.75, M pl = 1.2 x 10 19 GcV. Thus, for mi < m*,thc 
heavy right-handed neutrino will satisfy the out-of-equilibrium condition. For 
our calculation we consider this condition also. 

3.1 Numerical Calculation and results 

For our calculation of lepton asymmetry , we choose a basis Ur where M^ 9 = 
U'rMrrUr — diag(Mi, M2, M3) with real and positive eigenvalues[15,25].We 
transform rriLR — diag(X m , A™, l)v to the Ur basis by ttilr — > m' LR UR. In the 
prime basis the Yukawa coupling becomes h = (ttilrUr)/!). For demonstration 
as an example, we consider here the normal hierarchical mass modcl(NHT3) 
described in section 2. The corresponding heavy right-handed neutrino mass 
matrix and light left-handed neutrino mass matrices are given in eq.(4) and 
eq.(5). 

For case(i): charged lepton mass matrix, itilr — rriE = diag(\ 6 , A 2 , l)v, 
(to, n) = (6, 2), v = 1.01 x 10 15 GeV, m = 0.03eV, 7 = 0.007. For the above in- 
put values the three heavy masses are M^r = diag(4.28 x 10 9 , 1.16x 10 10 , 3.84 x 
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10 13 ) in GeV. From the construction of l h\ we have (/i/i T )n — 5.31 x 10 7 , 
Im{h*m I LI p) 11 = 2.45 x 10~ 18 , Im{h* 'm^ L h)) lx = 2.52 x 10~ 24 , K = 0.23 
and K\ = 0.17 . These leads to lepton asymmetry e 1 — 5.92 x 10~ 7 and 
e 11 = 6.09 x 10~ 13 resulting ei = e 1 + e 11 = 5.92 x 10~ 7 . The correspond- 
ing baryon asymmetry is Yb = —1.08 x 10~ 2 /«iei = 1.08 x 10~ 9 . 

For all other models including the normal hierarchy case(ii) we follow the 
same procedure to calculate the lepton and baryon asymmetry. For case (ii) the 
Dirac neutrino mass matrix is taken as the up quark mass matrix i.e.,mij{ = 
diag(X 8 , A 4 , l)v. As quasi-degenerate pattern of heavy masses appears in In- 
verted hierarchy type2B (InvT2B), so for this model we consider the resonance 
enhancement factor R, and a different expression[19] Yb = —2.16 x 10~ 2 ki£i 
is used for the estimation of baryon asymmetry. The estimated values of lep- 
ton and baryon asymmetry for all the models in Appendix B are collected in 
tables 6-8. As emphasised earlier, we use the only parameters fixed at seesaw 
stage in section 2 for estimating baryon asymmetry as an additional criteria for 
discriminating neutrino mass models. 

4 Summary and Discussion 

To summarise, we have considered various neutrino mass models: degenerate 
models (DegTIA, DegTIB, DegTIC) , inverted hierarchical (InvT2A, InvT2B) 
and normal hierarchical NHT3). We have estimated the contributions of type-I 
(canonical) and type-II ( non-canonical) seesaw mass term towards baryogene- 
sis. Following the predictions of S'O(IO) grand unified theory, we estimate the 
baryon asymmetry for two choices of Dirac neutrino mass matrix: case(i) Dirac 
neutrino mass matrix taken as charged lepton mass matrix and case(ii) Dirac 
neutrino mass matrix taken as up quark mass matrix. For specific values of the 
discriminator '7' extracted from type-II seesaw formula[2], we observe that the 
baryon asymmetry is dominated by type-I term only. 

All the eigenvalues of Mrr are collected in Table-4, and the mass parameter 
nil, dilution factor K\ are presented in Table-5. From Table-5 it is clear that only 
inverted hierarchical model type2B (InvT2B) and normal hierarchical model 
type-3 (NHT3) satisfy the out-of-cquilibrium decay condition. In these two 
models, the effective neutrino mass is less than the equilibrium neutrino mass 
m*(~ 1.08 x 10~ 3 ) i.e., mi < m* . 

In Tables 6-8 we present the estimations of lepton and baryon asymmetry. We 
present the numerical predictions of the neutrino mass-squared differences and 
three mixing angles in type-I and type-II seesaw framework [2] in Tables 1-3. 
Only two models i.e., inverted hierarchical model type2A (InvT2A) and normal 
hierarchical model type 3 (NRT3) satisfy all the neutrino oscillation parameters 
(Tables 1-3). However, the inverted hierarchical Type-2A(InvT2A) model is not 
stable under radiative corrections in MSSM, whereas normal hierarchical type 
3 (NHT3) is stable. 

If we consider the observed baryon asymmetry[26] Yb — (6.IZ0I2) x 10~ 10 , 
a competitive nature appears for both Degenerate type-1 model (DegTIA) and 
Normal hierarchical type3(NHT3). But considering the mixing parameters and 
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stability condition, one can easily rule out the degenerate type 1A (DegTIA) 
model. For NHT3 the mass of M\ is also within the Ibarra-Davidson bound [27] . 
Considering the above results we have found that in type-II scenario normal 
hierarchical type 3( NHT3) model is the most favourable choice of nature. 

The present calculation may also be useful to discriminate the choices of 
Dirac neutrino mass matrix. The charged lepton, up-quark and down-quark 
approximation of Dirac neutrino mass matrix may not be the right choice of 
nature. Once a neutrino mass model is fixed by experiment, then one can 
search for the possible structure of Dirac neutrino mass matrix by constraining 
observed baryon asymmetry to such modcl[28]. 
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Table-1: Predicted values of the solar and atmospheric neutrino mass-squared 
differences and three mixing parameters calculated from m I LL derived from type- 
I seesaw formula in the Appendix-B. 



Type 




] Am 2 3 [10' 3 eV 2 


; tan 2 0i2 


sin 2 20 23 


sin 0i3 




DegTIA 


8.80 


2.83 


0.98 


1.0 


0.0 




DegTIB 


7.91 


2.50 


0.27 


1.0 


0.0 




DegTIC 


7.91 


2.50 


0.27 


1.0 


0.0 




InvT2A 


8.36 


2.50 


0.44 


1.0 


0.0 




InvT2B 


9.30 


2.50 


0.98 


1.0 


0.0 




NHT3 


9.04 


3.01 


0.55 


0.98 


0.074 




Tablc-2:Prcdicted values of the solar and atmospheric neutrino mass-squared 




differences and three mixin; 


g parameters alonj 


; with the values of 7, extracted 




from in type-II seesaw 


formula for case ( 


0- 








Type 


7 Aml^lO^eV 2 } Ami 3 [lQ-' 3 eV 2 ] 


tan 2 0i2 


shr 2 2023 


sin 0i3 


DegTIA 


10~ b 


8.45 


2.73 


0.98 


1.00 


0.0 


DegTIB 


io~ 4 


7.97 


2.30 


0.28 


1.00 


0.0 


DegTlCC 


10~ 5 


7.93 


2.47 


0.27 


1.00 


0.0 


InvT2A 


0.1 


8.20 


2.50 


0.49 


1.00 


0.0 


InvT2B 


0.009 


9.40 


2.40 


0.98 


1.00 


0.01 


NHT3 


0.007 


9.41 


2.98 


0.54 


0.98 


0.09 



Table-3:Predicted values of solar and atmospheric neutrino mass-squared 
differences, and three mixing parameters along with the values of 7, extracted 
from niii in type-II seesaw formula for case (ii). 



Type 


7 


Am^llO^eV 2 } 


Am 2 3 [10- 3 eV 2 ] 


tan 2 0i2 


sin 2 2023 


sin 0i3 


DegTIA 


10~ 5 


8.56 


2.74 


0.98 


1.00 


0.0 


DegTIB 


10- 4 


7.69 


2.30 


0.27 


1.00 


0.0 


DegTlCC 


10~ 5 


7.69 


2.54 


0.29 


1.00 


0.0 


InvT2A 


0.1 


8.3 


2.5 


0.47 


1.00 


0.0 


InvT2B 


0.02 


9.40 


2.40 


0.98 


1.00 


0.0 


NHT3 


0.007 


9.18 


2.80 


0.55 


0.98 


0.07 
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Table-4: The three right-handed Majorana neutrino masses in GeV for both 
case (i) and case (ii). The expressions of Mrr are collected from Appendix-B. 



Type Case(i):|Mj 


Case(ii):|Mj| 


DegTIA 4.28 x 10 y , 1.16 x 10 ltJ , 3.84 x 10 13 
DegTlB 4.05 x 10 7 ,6.16 x 10 n ,7.60x 13 
DegTlC 4.05 x 10 7 , 6.69 x 10 12 , 6.69 x 10 12 
InvT2A 3.28 x 10 8 , 9.70 x 10 12 , 6.79 x 10 16 
InvT2B 5.6527 x 10 10 , 5.6532 x 10 10 , 5.38 x 10 16 
NHT3 6.51 x 10 10 , 7.97 x 10 11 , 1.01 x 10 15 


3.47 x 10 7 ,9.42 x 10 7 ,3.81 x 10 13 
3.28 x 10 5 ,4.98 x 10 9 ,7.60 x 10 13 
3.28 x 10 5 , 4.85 x 10 11 , 7.81 x 10 11 
2.64 x 10 6 , 7.92 x 10 10 , 6.70 x 10 16 
4.5971 x 10 8 , 4.5974 x 10 8 , 5.34 x 10 16 
5.27 x 10 8 , 6.45 x 10 9 , 1.01 x 10 15 



Table-5 :Estimation of the values of effective mass parameter m\ in eV, and 
dilution factor n\. 





For 




case(i) 




For 




case(ii) 




Type 


mi 




K 


Kl 


mi 




K 


Kl 


DegTIA 


3.76 x 10 


-3 


3.48 


0.11 


3.74 x 10 


-3 


3.46 


0.11 


DegTlB 


0.40 




370 


2.79 x 10~ 4 


0.40 




370 


2.79 x 10~ 4 


DegTlC 


0.40 




370 


2.79 x 10~ 4 


0.40 




370 


2.79 x 10~ 4 


InvT2A 


0.05 




46.3 


2.9 x 10~ 3 


0.05 




46.3 


2.9 x 10~ 3 


InvT2B 


2.85 x 10 


-4 


0.26 


0.17 


2.83 x 10 


-4 


0.26 


0.17 


NHT3 


2.47 x 10 


-4 


0.23 


0.17 


2.47 x 10 


-4 


0.23 


0.17 



Table 6: Calculation of lepton asymmetry e 1 and e 11 for case(i) for respective 
neutrino mass models given in Appendix-B. 



Type 


e 1 




e 11 




ei = e 1 + ( 


n 


DegTIA 


2.10 x 10 


-6 


1.19 x 10" 


15 


2.10 x 10" 


-6 


DegTlB 


2.66 x 10" 


18 


3.88 x 10" 


27 


2.66 x 10" 


18 


DegTlC 


1.74 x 10" 


18 


2.24 x 10" 


25 


1.74 x 10- 


18 


InvT2A 


1.59 x 10- 


14 


5.30 x 10" 


-26 


1.59 x 10- 


14 


InvT2B 


1.47 x 10 


-2 


2.52 x 10" 


13 


1.47 x 10" 


-2 


NRT3 


5.92 x 10 


-7 


6.09 x 10" 


13 


5.92 x 10" 


-7 
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Table 7: Calculation of lepton asymmetry e 1 and e 11 for case(ii) for respective 
neutrino mass models given in Appendix-B. 



Type 


e 1 




e 11 




e 1 =e 1 +e 11 


DcgTIA 


1.71 x 10" 


-8 


7.98 x 10" 


-20 


1.17 x 10" 


-8 


DegTIB 


2.16 x 10- 


20 


2.54 x 10" 


31 


2.16 x 10" 


20 


DegTIC 


1.69 x 10" 


20 


1.43 x 10" 


26 


1.69 x 10" 


20 


InvT2A 


1.27 x 10" 


16 


2.46 x 10" 


-28 


1.27 x 10" 


16 


InvT2B 


1.62 x 10" 


-4 


5.08 x 10" 


17 


1.62 x 10" 


-4 


NRT3 


4.78 x 10" 


-9 


4.90 x 10" 


17 


4.78 x 10" 


-9 



Table-8: Calculation of baryon asymmetry Yb for respective neutrino mass 
models given in Appendix-B. 



Type 


Y* M case 





Y* M case{ 


ii) 


DegTlA 


2.49 x 10" 


-9 


2.03 x 10- 


11 


DegTIB 


8.00 x 10" 


24 


6.50 x 10" 


26 


DegTIC 


5.20 x 10" 


24 


5.10 x 10- 


26 


InvT2A 


4.97 x 10" 


19 


3.98 x 10" 


21 


InvT2B 


5.40 x 10" 


-5 


5.94 x 10" 


-7 


NHT3 


1.08 x 10" 


-9 


8.80 x 10" 


12 
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Appendix A 

We list here the zeroth-order left-handed Majorana neutrino mass matrices [2, 13] 
with texture zeros, m£ L , corresponding to three models of neutrinos, viz., de- 
generate (DegTlA, DegTlB, DegTIC), inverted hierarchical (InvT2A, InvT2B) 
and normal hierarchical (NHT3). 



Type m LL 



V2 V2 

[DegTlA] | ^ \ -| | mo Diag{l, -1, l)m 

V2 ~2 2 



[DegTlB] 1 m Dmg(l,l,l)m 




1 

[DegTIC] | 1 ) m Diag(l,l,-l)m 
10 



[InvT2A] \ i mo L»ia ff (l, 1, 0)to o 




[InvT2B] 1 too £>ias(l, -1, 0)m 



[NHT3] | -i too Diag(0, 0, l)m 
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Appendix B 



Here we collect[l,2] the various right handed Majorana mass matrices Mrr and 
the light left handed neutrino mass matrix m I LL along with the input values of 
the parameters. 

Degenerate TypelA(DegTlA): 



Mrr = 



-2<5 2 A 2m (^ + 5l )X m+n (^ + S l )X m 

(^ + Si)X m+n (l/2 + 5 1 -S 2 )X 2n (-l/2 + S 1 -5 2 )X n \ r n 
\ (^ + Si)X m (-l/2 + S 1 -S 2 )X n (1/2 + S 1 -5 2 ) 



/ (-2S 1 + 2S 2 ) 

(1/2 + S 2 ) (-1/2 + 5 2 ) 
\ (^-Si) (-1/2 + 5 2 ) (1/2 + S 2 ) 



rn 



Here, <5i = 0.0061875, 5 2 = 0.0031625, A = 0.3, m = 0.4cV and v = 7.57 x 
l0 13 GeV, 7 = 10~ 5 . 

Degenerate TypelB(DegTlB): 



(1 + 25i + 2S 2 )X 2m <5iA m +™ SiX m 
Mini = ! <5iA m +" (1 + <5 2 A 2 " <S 2 A" | r () 

<5iA m <5 2 A n (1 + <5 2 ) 



(1 - 2Ji - 2S 2 ) -5 X -5x 
" 1 i. i. = • -<5i (1 - <5 2 ) -5 2 | /»d 

-*i -Si (1 - 5 2 ) 

Here, Si = 7.2 x 10" 5 ,(5 2 = 3.9 x 10~ 3 , A = 0.3, m = 0.4cV and v = 7.57 x 
!0 13 GeV, 7 = 10~ 4 . 

Degenerate TypelC(DegTlC): 



M 



RR 



(1 + 2S 1 + 25 2 )X 2m <5iA m +" <5iA m 

(5iA m +™ 5 2 X 2n (l + 5 2 )X n | r„ 

<5iA m (1 + <5 2 )A" <5 2 



m 



LL 



(1 - 2^ - 2S 2 ) -<5x 

-<5i -<5 2 (1 - 5 2 ) \ ii! tl 

-Si (1 - S 2 ) -S 2 
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Here, 5i = 7.2 x 10" 5 ,(5 2 = 3.9 x 10~ 3 ,A = 0.3, m = 0.4eV and v = 7.57 x 
10 13 Gey, 7 = 1CT 5 . 

Inverted Hierarchical Type2A(InvT2A): 



7/(1 + 2e)A 2m 77eA m +™ ryeA" 
M RR = I r/eA m+ ™ 1/2A 2 " -(1/2 -r^A™ 



r/eA m -(l/2-r/)A" 1/2 / 71 



-e 



(l-2e) -e 
m LL = ( -e 5 (I - V) ) m o 



Here, 77 = 0.0045, e = 0.0055, A = 0.3, m = 0.05eV and v = 6.06 x 10 13 GeV, 
7 = 0.1. 

Inverted Hierarchical Type2B(InvT2B): 

y2m+7 \^m+n+4 ym+i 

M RR = I A m +"+ 4 A 2 " -A" 1 r u 

A m+4 _ A n 1 



1 1 

'll - I 1 -(A 3 -A 4 )/2 -(A 3 + A 4 )/2 | m 

1 -(A 3 + A 4 )/2 -(A 3 -A 4 )/2 

Here,A = 0.3, m = 0.035eV and v = 5.34 x 10 16 GeV. For case(i) 7 = 0.009 
and for case(ii) 7 = 0.02. 

Normal Hierarchical Type3(NHT3): 

^2m—l yrn-\-n—l yrn — 1 

M RR = ( A m +™- 1 A m +™- 2 I w 

ya-l 1 



-A 4 A A 3 

m LL = I A 1 - A - 1 I m o 

A 3 -1 1-A 3 

Here,A = 0.3, m = 0.03eV and v a = 1.01 x 10 15 Gey, 7 = 0.007. 
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